The metazoan Integrator complex (INT) has important functions in the 3′-end processing of noncoding RNAs, including the uridinerich small nuclear RNA (UsnRNA) and enhancer RNA (eRNA), and in the transcription of coding genes by RNA polymerase II. The INT contains at least 14 subunits, but its molecular mechanism of action is poorly understood, because currently there is little structural information about its subunits. The endonuclease activity of INT is mediated by its subunit 11 (IntS11), which belongs to the metallo-β-lactamase superfamily and is a paralog of CPSF-73, the endonuclease for pre-mRNA 3′-end processing. IntS11 forms a stable complex with Integrator complex subunit 9 (IntS9) through their C-terminal domains (CTDs). Here, we report the crystal structure of the IntS9-IntS11 CTD complex at 2.1-Å resolution and detailed, structure-based biochemical and functional studies. The complex is composed of a continuous nine-stranded β-sheet with four strands from IntS9 and five from IntS11. Highly conserved residues are located in the extensive interface between the two CTDs. Yeast two-hybrid assays and coimmunoprecipitation experiments confirm the structural observations on the complex. Functional studies demonstrate that the IntS9-IntS11 interaction is crucial for the role of INT in snRNA 3′-end processing.
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snRNA processing | protein complex | integrator complex T he Integrator complex (INT) was originally characterized as an important factor for U-rich small nuclear RNA (UsnRNA) 3′-end processing and as a binding partner for phosphorylated RNA polymerase II (Pol II) (1) (2) (3) . Since then it also has been found to participate in Pol II transcription initiation, pause release, elongation, and termination at protein-coding genes (4) (5) (6) , thereby broadening the scope of INT function. Most recently INT was shown to be important for enhancer RNA (eRNA) 3′-end processing as well (7) . The physiological importance of INT is reflected by its involvement in other cellular processes, such as embryogenesis (8) , ciliogenesis (9) , adipose differentiation (10) , human lung function (11) , and maturation of herpesvirus micro-RNA 3′ ends (12) .
The INT contains at least 14 subunits (IntS1 through IntS14), ranging from 49 to 244 kDa, and the mass of the full complex is more than 1 million daltons. Despite its functional importance, INT is poorly understood at the molecular level, and currently there is very little structural information for any of its subunits. Moreover, the majority of the INT subunits share little sequence homology with other proteins and have few recognizable domains, making it difficult to predict the function and the mechanism of the subunits (2) .
Two INT subunits that do share significant sequence conservation with other proteins are IntS9 and IntS11 (1, 2) . Most importantly, IntS11 is a close homolog of CPSF-73 (cleavage and polyadenylation specificity factor, 73 kDa), the endonuclease for the pre-mRNA 3′-end processing machinery (13) (14) (15) (16) . Similarly, IntS11 is the endonuclease subunit for INT, responsible for the cleavage reaction at the 3′ end of target RNAs (1, 2) . CPSF-73 and IntS11 belong to the metallo-β-lactamase superfamily of proteins (17) . The metallo-β-lactamase domain of each protein contains conserved amino acids that coordinate metal ions for catalysis ( Fig. 1A and Fig. S1 ) (18) . CPSF-73, IntS11, and their close homologs also have a β-CASP domain (named after its founding members: CPSF73, Artemis, SNM, and PSO), which is an insert in the metallo-β-lactamase domain (Fig. 1A) . The active site is located at the interface between the two domains, and therefore the β-CASP domain likely regulates substrate access to the active site. The metallo-β-lactamase and the β-CASP domains of human IntS11 (residues 1-450) (Fig. S1 ) and CPSF-73 share 40% amino acid sequence identity, indicating their high degree of sequence conservation and underscoring the importance of these two domains.
The CPSF complex also contains an inactive homolog of CPSF-73, CPSF-100, in which several of the active-site residues have been changed during evolution. Likewise, IntS9 is the inactive homolog of IntS11 in INT (Fig. 1B and Fig. S2 ). The sequence conservation between IntS9 and CPSF-100 is weaker, and IntS9 has two inserted segments in the metallo-β-lactamase domain (Fig. 1B) . The functional roles of IntS9 and CPSF-100 in their respective complexes remain to be clarified.
IntS9, IntS11, CPSF-73, and CPSF-100 all contain a C-terminal domain (CTD) beyond their metallo-β-lactamase and β-CASP domains (Fig. 1) . However, the sequence conservation for these domains is much poorer. We showed previously that the CTDs of IntS9 and IntS11 are required and sufficient to mediate their association, suggesting that these domains ensure specific
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heterodimerization of the two subunits, thereby compartmentalizing INT from CPSF (19) . However, the molecular basis for this association is not known. Currently available dimer structures of other β-CASP homologs (20-23) do not provide any insights into the IntS9-IntS11 heterodimer, nor are structures available for the CPSF-73/CPSF-100 CTDs.
We have determined the crystal structure of the IntS9-IntS11 CTD complex at 2.1-Å resolution. The structure is composed of a continuous nine-stranded β-sheet, with four strands from IntS9 and five from IntS11. Four helices cover one face of this β-sheet, and the other face is exposed to solvent. Highly conserved residues are located in the extensive interface between the two CTDs formed by the two neighboring strands and two helices. We designed truncation and site-specific mutants based on the structure, and both our yeast two-hybrid assays with the CTDs and coimmunoprecipitation experiments with the fulllength proteins confirm the structural observations on the complex. Finally, we demonstrated that mutations that disrupt the IntS9-IntS11 interaction also abolish U7 snRNA 3′-end processing, indicating that this interaction is crucial for the function of the Integrator complex.
Results
Structures of the IntS9 and IntS11 CTDs. The crystal structure of the complex of IntS9 and IntS11 CTDs has been determined at 2.1-Å resolution. The atomic model has good agreement with the X-ray diffraction data and the expected geometric parameters (Table S1 ). Of the residues, 98.1% are in the favored region of the Ramachandran plot, and no residues are in the disallowed region.
The structure of the IntS9 CTD (covering residues 582-658) (Fig. 1B) contains a four-stranded, antiparallel β-sheet (β2-β5) (Fig. 1C) . Two helices (α1-α2), formed by residues just before and after the β-sheet, cover one of its faces (Fig. 1D) . A twostranded antiparallel β-sheet (β1, β6) formed by residues near the beginning and end of the domain likely provides further stability to this domain.
The structure of the IntS11 CTD (covering residues 493-596) (Fig. 1A) contains a five-stranded antiparallel β-sheet (β1-β5) with two helices on one of its faces (α2-α3) (Fig. 1C) . A short helix (α1) precedes the first β-strand and is partly stabilized by interactions with IntS9 (see next section).
The up-down organization of the last four strands (β2-β5) of the IntS11 CTD is similar to that for the β-sheet in IntS9 CTD. In fact, the two structures can be superposed with an rmsd of 2.4 Å for 64 equivalent Cα atoms (Fig. 1E) , although the sequence identity between the two proteins in this region is only 16%. The two helices covering the β-sheet are located at similar positions in the two structures as well. A unique feature of IntS11 is strand β1, which is the longest strand in the structure and is located in the center of the interface with IntS9.
Close structural homologs for IntS9 CTD include the CTD of an atypical Sm-like archaeal protein (24) and the platform subdomain of the AP-2 complex β subunit (Fig. S3) (25) , based on a DaliLite search (26) . Close structural homologs for IntS11 CTD include the kinase associated-1 domain (KA1 domain) at the C terminus of yeast septin-associated kinases and human MARK/ PAR1 kinases (27) , the C-terminal domain of the catalytic subunit of AMP-activated protein kinase (AMPK, SNF1 in yeast) that mediates heterotrimer formation (28) (29) (30) , and the N-terminal domain of BamC, part of the β-barrel assembly machinery ( Fig.  S3 ) (31) . These structural homologs do not offer much insight into the functions of the two CTDs.
Crystal Structure of the IntS9-IntS11 CTD Complex. The complex of IntS9-IntS11 CTDs is formed by juxtaposing the β-sheets of the two domains, such that strand β5 of IntS9 forms a parallel β-sheet with strand β1 of IntS11 (Fig. 1C) . This juxtaposition creates a nine-stranded, mostly antiparallel β-sheet in the IntS9-IntS11 CTD heterodimer, with only the two strands at the subunit interface being in parallel. The four flanking helices cover the same face of this β-sheet, and the other face of the β-sheet is open to the solvent (Fig. 1D ). Seven hydrogen bonds are formed between the two β-strands at the center of the interface ( Fig.  2A) . In addition to these interactions, many side chains mediate the formation of this heterodimer as well, and ∼1,200 Å 2 of the surface area of each subunit is buried in this interface ( Fig. 3 A-C). The neighboring side chains of the two strands on the exposed face of the β-sheet are in contact with each other. In addition, the N-terminal helix (α1) of IntS11 contacts the N-terminal segment of IntS9, likely stabilizing both proteins in this region of the interface ( Fig. 2A) .
On the other face of the β-sheet, helix α2 of IntS9 and helix α3 of IntS11 are positioned next to each other, allowing favorable interactions among some of their side chains as well as the side chains of the two β-strands in the center of the interface (Fig. 2B) . Residues from the two β-strands are mostly hydrophobic in this part of the interface, whereas those from the two helices are mostly hydrophilic or charged. Most of the residues at this interface are highly conserved among IntS11 ( Fig. 3D and There are four copies of the IntS9-IntS11 CTD complex in the crystallographic asymmetric unit. The overall structures of the two subunits in the four complexes are similar, with rmsds of ∼0.5 Å for equivalent Cα atoms between any pair of them. The overall structures of the four complexes are similar as well, especially for the β-sheet and the four flanking helices (Fig. S4) . However, there are large differences in the conformations of several of the loops, suggesting that these regions are somewhat flexible. In addition, the Cys542 residues from two IntS11 subunits in neighboring complexes form a disulfide bond covalently linking two complexes (Fig. S4) , and this disulfide linkage is likely a crystallization artifact. The other cysteine residues in the structure are in the fully reduced state. Cys542 is located just before strand β2 in IntS11, and some conformational differences in this strand are observed among the four complexes (Fig. S4) . It is unlikely that this disulfide bond affects the overall structure of the complex, because it creates only a relatively small region of contact between two complexes (Fig. S4) .
Biochemical Studies Confirm the Structural Observations. To assess the structural observations on the IntS9-IntS11 CTD complex, we carried out yeast two-hybrid assays to evaluate interactions between different variants of the two CTDs as well as coimmunoprecipitation experiments with the full-length proteins. We previously demonstrated that using yeast two-hybrid assay to characterize the interaction between IntS9 and IntS11 is remarkably robust, because binding could be detected even when 3-amino-1,2,4-triazole is present at a 100-mM concentration (32) . We carefully mapped the regions within the CTDs of IntS9 and IntS11 that are both required and sufficient to mediate their interaction. We created a series of truncation mutants, removing 10 amino acid residues at a time, and found that residues 500-600 of IntS11 interacted strongly with IntS9 CTD, whereas residues 510-600 showed no interaction (Fig. 4A) . Residue 500 is located near the end of helix α1, and residue 510 is in the middle of strand β1 (Fig. 1C) , indicating the importance of β1. This assay also determined that helix α1 of IntS11 is not required for the interaction, as is consistent with its being located at the periphery of the interface. On the other hand, deleting only 10 residues from the C terminus of IntS11 (resulting in a variant with residues 500-590) abolished the interaction (Fig. 4A) . Residue 590 is located in the last turn of helix α3, confirming its importance for the IntS9-IntS11 interaction.
Similarly, we found that residues 579-658 of IntS9 interacted strongly with the IntS11 CTD, whereas residues 589-658 showed no interactions (Fig. 4B) . Residue 579 is before the first residue observed in the current structure, and residue 589 is just after strand β1 (Fig. 1C) . Deleting 10 residues from the C terminus of IntS9 (579-648) also abolished the interaction (Fig. 4B) . Residue 648 is located in the middle of helix α2. Overall, the results from the truncation mutants define the minimal regions of IntS9 and IntS11 that are important for their interactions; these results are fully consistent with the structural observations.
We next designed a series of point mutations that are expected to perturb the IntS9-IntS11 interaction based on the structural observations. To perturb the hydrogen-bonding interactions between the two β-strands in the dimer interface, we mutated two residues in the middle of each strand to proline, i.e., the T633P/ I635P double mutant for IntS9 (Fig. 2B) and the R510P/T512P double mutant for IntS11 (Fig. 2A) . We also designed mutations to disrupt interactions among the side chains, including the R644E single mutant, the R644E/R648E double mutant, and the R644E/R648E/L652A triple mutant in helix α2 of IntS9, the L509A/F511A double mutant in strand β1 of IntS11, and the L509A/F511A/E581R triple mutant in strand β1 and helix α3 of IntS11 (Fig. 2B) . Most of these residues are strictly conserved among the homologs, whereas Leu652 of IntS9 and Leu509 of IntS11 show conservative variations to other hydrophobic residues (Figs. S1 and S2). We introduced these mutations into the minimal CTDs of IntS9 or IntS11 and observed a complete loss of interaction based on the yeast two-hybrid assays (Fig. 4 C and D) .
To extend upon these data, we also introduced the point mutations into the full-length cDNAs encoding IntS9 and IntS11 and tested their impact on the interaction using a coimmunoprecipitation assay. We had established previously that the IntS9-IntS11 heterodimer could withstand rigorous washing with detergent and high salt (19) and therefore tested these same conditions here. We transfected various myc-tagged IntS9 cDNAs with HA-tagged wild-type IntS11 into 293T cells and subjected the lysates to anti-HA immunoaffinity matrix followed by probing with anti-myc antibodies using Western blot analysis. Only the wild-type IntS9 was able to coimmunoprecipitate with IntS11; none of the mutants was detected in the immunoprecipitate (Fig.  4E) . Importantly, all four mutants tested were expressed at levels similar to the wild type, suggesting that these proteins are folded properly and that the lack of coimmunoprecipitation is caused by the disruption of the interaction by the mutations.
We then performed the reciprocal coimmunoprecipitation in which we transfected HA-tagged wild-type IntS9 with several mutants of IntS11. We also included a catalytic mutant (E203Q, mutating one of the conserved residues in the active site of the metallo-β-lactamase domain) as a control; this mutation is not expected to disrupt interaction with IntS9. Both the wild type and the E203Q mutant of IntS11 were able to interact with IntS9, but the interface mutants did not show interaction (Fig. 4F) . Finally, we extended these analyses to ask whether disruption of the IntS9-IntS11 interface inhibits the ability of the heterodimer to be incorporated into the endogenous Integrator complex. Previously, we established that purification of the intact INT could be achieved by pulling down a FLAG-tagged IntS11 from nuclear extracts derived from stable cells lines expressing FLAG-IntS11 (33) . Therefore, we created cells stably expressing either wild-type IntS11 or a mutant IntS11 and purified the INT from nuclear extracts made from these cells lines. Almost no IntS9 was associated with the mutant IntS11, as expected, but we also observed a significant reduction in the levels of copurifying IntS3, IntS4, and IntS10 relative to wild-type IntS11 (Fig. 4G) . Taken together, these results strongly validate the structure of the IntS9-IntS11 CTD complex and demonstrate that this region is essential for the two Integrator subunits to interact and may play a significant role in the incorporation of the IntS11 endonuclease into the endogenous INT.
Functional Importance of the IntS9-IntS11 Complex. Currently an in vitro system is not available to assess INT function. Therefore, to address the functional relevance of the IntS9-IntS11 interactions observed in the crystal structure, we used a cell-based fluorescence reporter that assays for UsnRNA 3′-end formation (34) . The U7-GFP reporter consists of the human U7 snRNA promoter, the U7 snRNA gene body, a 3′ box sequence for snRNA 3′-end processing, and then the coding sequence for GFP followed by a strong polyadenylation signal (Fig. 5A) . When transfected into untreated cells, the reporter gives rise to no GFP expression because of the 3′-end processing activity of endogenous INT. If cells are transfected with siRNA targeting INT subunits, the efficiency of snRNA 3′-end formation is reduced, resulting in transcriptional read-through and the production of a GFP mRNA containing the U7 snRNA as its 5′ UTR using the native start codon of GFP because U7 lacks an AUG sequence.
We transfected cDNA constructs containing silent point mutations rendering them RNAi-resistant into IntS9-or IntS11-depleted cells to determine how effective these constructs are at restoring INT activity through the reduction of GFP expression. In control siRNA-treated cells, we detected little to no expression of GFP after transfection with the U7-GFP reporter (Fig. 5  B and C) . In contrast, we could detect robust GFP expression in cells treated with siRNA targeting either IntS11 or IntS9. Expression of RNAi-resistant myc-tagged wild-type IntS11 or IntS9 could reduce GFP expression nearly back to the levels observed in control siRNA-transfected cells. We observed that, as expected, the E203Q catalytic mutant of IntS11 was unable to rescue U7 snRNA processing (Fig. 5B) . Most importantly, mutations in IntS11 or IntS9 that disrupt the interactions between their CTDs also failed to rescue U7 snRNA processing, despite being expressed at levels similar to the wild-type protein (Fig. 5 B and  C) . Finally, we created stable cell lines expressing either RNAiresistant wild-type IntS11 or a subset of the heterodimerization IntS11 mutants and assessed the levels of misprocessed, endogenously expressed U2 or U4 snRNA after knockdown. Upon depletion of IntS11 we observed an ∼25-fold increase in the levels of misprocessed snRNA relative to the levels observed in control siRNA-treated cells (Fig. 5D ). This level of misprocessing was similar to what we observed in Drosophila S2 cells upon depletion of INT subunits (35) . The levels of misprocessed snRNA present in IntS11 knockdown cells could be rescued upon stable expression of the wild-type IntS11, but, as in the U7-GFP reporter experiments, we did not observe any rescue of snRNA misprocessing in cells expressing RNAi-resistant IntS11 heterodimerization mutants (Fig. 5D) . Collectively, these results demonstrate that interactions observed in the structure of the IntS9-IntS11 CTD complex are as critical to INT activity in snRNA processing as the residues within the active site of IntS11.
Discussion
Although a role for IntS11 in the cleavage of UsnRNA and eRNA has been established using mutations of the metalcoordinating residues within the active site, the molecular mechanism by which IntS11 is recruited to these substrates and carries out specific endonucleolytic processing is not known. The structure of the IntS9-IntS11 CTD heterodimer reveals an extensive molecular interface mediated by numerous interactions and explains the high binding affinity that has been reported for the two proteins. The structure also indicates a role for the catalytically inactive IntS9, which provides a distinct structural surface established only through heterodimerization with IntS11. This specific interface could allow recognition of only the active cleavage factor by the other members of the INT complex. Such a mechanism also might be operative for CPSF-73 and CPSF-100 in the pre-mRNA 3′-end processing machinery.
The CTDs of IntS9 and IntS11 are substantially larger than that of the homologous enzyme RNase J, which is comprised of a three-stranded β-sheet and two facing α-helices (23) . Deletion of the RNase J CTD makes the enzyme become monomeric in solution and also abrogates all catalytic activity in vitro, even though the ΔCTD RNase J retains structurally intact metallo-β-lactamase and β-CASP domains. Based on results from our studies using the U7-GFP reporter, it is clear the mutations that specifically disrupt the formation of the IntS9-IntS11 CTD heterodimer have effects equivalent to those of the mutation (E203Q) that disrupts the active site of IntS11. This finding demonstrates that the binding to IntS9 is essential for IntS11 function in cells and suggests that homo-or heterodimerization of β-CASP RNA endonucleases either plays an important role in the recruitment to RNA substrates or somehow impacts the activity of the catalytic domain. One potential explanation is that formation of the IntS9-IntS11 CTD complex induces obligatory conformational changes in IntS11, for example in the interface between IntS11 metallo-β-lactamase and β-CASP domains, to allow access to and cleavage of the RNA substrates. This structural requirement would ensure that any IntS11 not associated with IntS9 would be inactive, and, by analogy, the same would hold true for CPSF-73 and CPSF-100.
CTD heterodimerization may provide another important function in addition to modulating the catalytic activity of IntS11. In this model, the IntS9-IntS11 CTD complex produces an essential surface that is recognized by a different member of the Integrator complex to recruit the dimerized cleavage factor into the complex. This mechanism would provide an elegant way of ensuring that only the authentic IntS11-IntS9 heterodimer is incorporated into INT and could represent an additional layer of regulation to prevent spurious cleavage events. This model is supported by our experiments demonstrating that a heterodimer-deficient IntS11 failed to associate with other members of INT in addition to IntS9 (Fig. 4G) . Indeed, a large scaffolding protein, symplekin, interacts with CPSF-73 and CPSF-100 and likely plays a critical role in mediating cleavage of pre-mRNA substrates (13) (14) (15) (16) . Such a protein is likely to exist within the Integrator complex, but currently there is no candidate based upon sequence comparison with symplekin.
The linkers between the metallo-β-lactamase domain and the CTD in IntS9 and IntS11 are expected to contain secondary structure elements (Figs. S1 and S2) and hence are likely to be organized structurally. In the structure of RNase J, the linker also contains secondary structure elements and has interactions with both domains (23) . Exactly how the linkers in IntS9 and IntS11 connect the two parts of these proteins remains to be determined. It is possible that this region of the proteins functions to communicate heterodimerization to the active site to allow cleavage to take place.
Methods
Protein Expression, Purification, and Crystallization. The C-terminal domain of human IntS11 (residues 491-600) was subcloned into the pET28a vector (Novagen), which introduced an N-terminal His-tag. The C-terminal domain of human IntS9 (residues 582-658) was subcloned into pCDFDuet vector (Novagen) without any affinity tag. The two proteins were coexpressed in Escherichia coli BL21Star (DE3) cells at 23°C for 16-20 h. The cells were lysed by sonication in a buffer containing 20 mM Tris (pH 8.5), 200 mM NaCl, and 5% (vol/vol) glycerol. The IntS9-IntS11 heterodimer was purified by Ni-NTA (Qiagen) chromatography. The eluted protein was treated overnight with thrombin at 4°C to remove the His-tag and was further purified by gel filtration chromatography (Sephacryl S-300; GE Healthcare). The purified protein was concentrated to 30 mg/mL in a solution containing 20 mM Tris (pH 8.5), 200 mM NaCl, and 10 mM DTT before being flash-frozen in liquid nitrogen and stored at −80°C.
Crystals of the IntS9-IntS11 complex were obtained at 20°C using the sitting-drop vapor-diffusion method. The reservoir solution contained 0.1 M Bis-Tris (pH 6.5) and 21-24% (wt/vol) PEG 3350. The protein concentration was 10 mg/mL. Crystals took 2 wk to grow to full size. A heavy-atom derivative was prepared by soaking native crystals in the mother liquor with 1 mM HgCl for 3 h. All crystals were cryo-protected by the reservoir solution supplemented with 5% (vol/vol) ethylene glycol and were flash-frozen in liquid nitrogen for data collection at 100 K.
Data Collection and Structure Determination. X-ray diffraction data of native and heavy-atom-derivative crystals were collected at a wavelength of 0.979 Å on an ADSC Q315R CCD at the 5.0.1 beamline of Advanced Light Source (ALS). The diffraction images were processed with the HKL program (36) . The crystals belonged to space group P2 1 with cell dimensions of a = 63.0 Å, b = 67.8 Å, c = 98.6 Å, and β = 100.6°. There are four copies of the IntS9-IntS11 complex in the crystallographic asymmetric unit.
A native dataset was collected to 2.1-Å resolution, and the derivative dataset was collected to 2.3-Å resolution. Four Hg atoms were located and used for phasing by the AutoSol routine in PHENIX (37) , using the single isomorphous replacement (SIR) method. Most of the protein residues were automatically built by the AutoBuild routine in PHENIX, and further manual building was carried out with the program Coot (38) . The structure was refined using PHENIX. The crystallographic information is summarized in Table S1 .
Yeast Two-Hybrid Assays. Yeast two-hybrid assays were carried out in PJ69-4a and PJ49-4alpha. Human IntS11 or IntS9 CTD fragments were cloned into either pOBD or pOAD vectors using conventional cloning. Clones were sequenced to verify identity; PCR primers are available upon request. pOBD plasmids were transformed into PJ69-4a yeast and were selected on tryptophan-dropout medium; pOAD plasmids were transformed into PJ49-4alpha yeast and were selected on leucine-dropout medium. Double transformants were created by mating the yeast strains followed by selection on medium lacking both tryptophan and leucine. Interactions were tested through serial dilution of diploid yeast followed by plating on medium lacking tryptophan and leucine or on medium lacking tryptophan, leucine, and histidine that also was supplemented with 1 mM 3-amino-1,2,4-triazole.
Coimmunoprecipitation. IntS11 and IntS9 cDNAs were cloned into pcDNA3 expression plasmids and were subjected to site-directed mutagenesis as described previously (10) . All clones were sequenced to confirm identity. Approximately 5 × 10 5 293T cells (in one well of a six-well plate) were transfected with 1 μg of each plasmid encoding either HA-tagged or myc-tagged IntS9 or IntS11 using Lipofectamine 2000 according to the manufacturer's instructions (Thermo Fisher). Forty-eight hours after transfection, cells were lysed in 500 μL of denaturing lysis buffer (19) , and 50 μL was removed for input lanes. To the remaining lysate, 20 μL of anti-HA affinity resin (Sigma) was added and incubated at 4°C for 1 h with rotation. Following immunoprecipitation, beads were washed three times in lysis buffer and eluted with SDS loading buffer. Western blots were performed using SDS/PAGE as described previously (19) . Affinity purification of FLAG-IntS11 was conducted essentially as described previously (33) . Western blots were conducted using antibodies raised to IntS3 (PTGlab), IntS4 (Bethyl), IntS9 (Bethyl), IntS10 (PTGlab), and FLAG epitope (Sigma).
Cell Culture and RNAi Assays. RNAi-rescue experiments were performed using HeLa cells, which were grown under standard conditions using DMEM and 10% FBS. Cells were plated initially at 8.5 × 10 4 cells per well in a 24-well plate. Cells were transfected with control siRNA (GGUCCGGCUCCCCCAAAUGdTdT), IntS9 siRNA (GAAAUGCUUUCUUGGACAAdTdT), or IntS11 siRNA (CAGACUUCCUGGACUGUGUdTdT) using a two-hit protocol (39) . Twenty-four hours after the second siRNA transfection, cells were transfected a third time with 500 ng of the U7-GFP reporter (19) and with 200 ng of empty pcDNA-myc vector or with pcDNA-myc where either RNAi-resistant wild-type IntS9/IntS11 or mutant versions were cloned. Two days after the transfection, cells were lysed in denaturing buffer and probed using Western blot analysis with antibodies raised against GFP (Clontech), IntS11 (Bethyl), or GAPDH (Thermo). To monitor endogenous snRNA misprocessing, RNA was isolated from cells using TRIzol (Thermo Scientific) and was subjected to MMLV reverse transcription according to the manufacturer's instructions (Life Sciences). Real-time PCR was conducted using SYBR Green PCR mix on a CFX quantitative PCR machine (BioRad), and fold calculation was done as described previously (35) . Primers to measure U2snRNA misprocessing are 5′-CTTCGGGGAGAGAACAACC-3′ and 5′-GACACTCAAACACGCGTCA-3′. Primers to measure U4snRNA misprocessing are 5′-GCATTGGCAATTTTTGACAG-3′ and 5′-GAACCCCGGACATTCAATC-3′.
